Introduction {#sec1}
============

Whether life can be supported on a planet depends on its budget of the volatile elements. Hence, understanding how volatiles came to Earth and what the initial volatile inventory of terrestrial planets was is important to understand the conditions under which prebiotic chemistry and the potential emergence of life can occur. There have been extensive investigations into the source of volatiles on Earth and other terrestrial planets. Particularly, the origin of Earth's water, critical for the development of life, remains an unresolved issue.^[@ref1]^ The Earth could have accreted water throughout its formation.^[@ref2]^ During this time the extraterrestrial delivery via comets and/or asteroids has become a favored mechanism due to the comparion of the deuterium-to-hydrogen ratio (D/H) of the terrestrial ocean water and that found in situ during the Rosetta comet mission.^[@ref3],[@ref4]^ However, recent computational and experimental studies have repeatedly demonstrated that gas adsorption onto mineral dust grains in the solar nebula could also be a source of volatiles.^[@ref5]−[@ref8]^ This is supported by new D/H isotopic data from a potential primordial reservoir retained in terrestrial lavas, which indicate a nebula origin of water delivered via adsorption to dust grains.^[@ref9]^ In all of these mechanisms, at least part of the water delivered was most likely adhered to the mineral matrix of the delivering body, whether comets, asteroids, or interplanetary dust particles. The extent to which these surface processes make a significant impact on volatile budgets depends on mineral grain surface structures that control reactivity. In addition to the delivery of volatiles, mineral surfaces in the solar nebula provide catalytic sites for a range of reactions including organic molecule formation.^[@ref10]^ Thus, understanding the processes occurring at mineral surfaces is critical for unravelling the chemical processes occurring within solar nebulae and during planetary accretion.

Olivine, a Mg--Fe silicate mineral, has been identified in a diverse range of environments in the universe including planets, satellites, comets, asteroids, and interplanetary dust particles to luminous quasars.^[@ref11]^ Thus, olivine mineral surfaces are expected to be present in many different environments, making the understanding of their catalytic and adsorbing surfaces in the nebula of prime importance. The first olivine to condense from the solar nebula has a composition close to forsterite (Mg~2~SiO~4~). Hence pure forsterite has been extensively studied for evaporative isotope fractionation effects controlled by surface processes.^[@ref12]−[@ref14]^ However, olivine in the nebula becomes progressively more Fe rich as partially oxidized Fe also condenses from the nebula and subsequently is incorporated into the forsterite mineral grains.^[@ref15],[@ref16]^ Reflectance spectra of asteroids and nebula dust support this showing that most of the olivine contains small amounts of Fe.^[@ref17]^ Despite this, no studies have examined how the presence of Fe in forsteritic olivine affects surface-related processes.

One potential source of water on planets like Earth is the strong chemisorption of hydroxyl species onto olivine surfaces. In this mechanism, structural defects, such as surface steps and corners, are required to provide highly reactive sites where chemisorption is energetically favorable.^[@ref7]^ The typical dust grain formation processes of dust particle agglomeration^[@ref18],[@ref19]^ would be expected to produce defective surfaces, as could fast cooling after intense, short-lived bursts of heat that are proposed to form large mineral grains.^[@ref20],[@ref21]^ However, these defect-rich surfaces, fundamental to any extraterrestrial adsorption process, may also be eradicated by these high-temperature annealing events. Although the formation of etch-pits has been documented during transient incursions into the evaporation regime (above 1400 °C under solar nebula conditions) forming defect-rich and hence more reactive surface sites,^[@ref13],[@ref22]^ nothing is known about the effects of similar scale short-lived thermal fluctuations below this temperature. To date there are no experiments that investigate what occurs at a mineral surface below its melting temperature but at high enough temperatures that atoms can still be highly mobile due to diffusion. To answer this crucial question, we have investigated how polished surfaces of both pure forsterite and San Carlos olivine (Mg~0.8~Fe~0.2~SiO~4~) crystals react to short-lived bursts of increased temperature by monitoring nanoscale changes in surface topography using atomic force microscopy (AFM). The processes occurring at these olivine surfaces are compared to a quartz crystal surface as an example of a less reactive mineral. We observed that olivine mineral surfaces react within minutes at temperatures as low as 900 °C, producing highly reconstructed surfaces that can provide potential reactive sites for gas adsorption.

Experimental Section {#sec2}
====================

As it has been suggested that surface Fe provides the most important catalytic sites for olivine,^[@ref10]^ for comparison experiments were conducted on pure synthetic forsterite (Mg~2~SiO~4~) and natural San Carlos olivine (Mg~1.8~Fe~0.2~SiO~4~), as well as quartz (SiO~2~) as a reference silicate mineral. Samples were annealed at 900 and 1200 °C, temperatures at which olivine undergoes significant sublimation in vacuum (\>1400 °C)^[@ref12]^ and within the temperature range expected to affect grains during the short pulses of shock heating (up to ∼1900 °C; see ref ([@ref23]) for discussion). Randomly oriented surfaces were examined to produce a clearer image of olivine reactivity as the (010), (001), and (100) surfaces previously studied in experiments^[@ref8],[@ref13]^ would not be the only surfaces present on the fast cooled or fractal olivine dust particles present in the nebula.

Experimental Methods {#sec2.1}
--------------------

Cubes (1 × 1 × 0.5 cm) of the synthetic forsterite (Mg~2~SiO~4~), gem quality San Carlos olivine (Mg~1.8~Fe~0.2~SiO~4~), and quartz (SiO~2~) crystals were cut from larger slices that had been polished on one face using SYTON. The forsterite was synthesized using the Czochralski method; a full chemical analysis is given in ref ([@ref24]). Parts of the same crystal have been used previously in diffusion experiments with results consistent with good crystallinity with no evidence for extended defects that could cause fast diffusion pathways.^[@ref24],[@ref25]^ After polishing, the samples were sonicated in acetone for 30 min. The surfaces were subsequently dried with a Kimwipe and blown with compressed air. For muffle oven experiments with synthetic forsterite and quartz at 900 or 1200 °C, the oven was heated to the required temperature and then the crystals were placed into the oven in a Pt crucible (∼10 mm high with wall thickness of 0.5 mm) with the polished face upward. The controlling thermocouple in the oven returned to temperature within 5 min, suggesting that the crystal reached thermal equilibrium in even shorter times due to its low thermal mass, which is insignificant compared to that of the surrounding oven, and the thermal diffusivity of olivine.^[@ref26]^ The crystal was removed after 10 min and analyzed then placed back into the oven. Further analysis of the surface structure was conducted at 20 min intervals (total time in oven: 2 h) before leaving the crystal in the oven overnight. Each time the crystal was removed from the oven it was left to cool in air on the benchtop for approximately 2 min and then immediately imaged by AFM, which took approximately 30 min. The images were consistent over the 30 min, indicating that there was minimal reaction of the surface with the atmosphere during this time. By cooling the crystal prior to imaging, we minimized distortion of the AFM image due to expansion of the tip cantilever. After scanning, the crystal was put back into the oven for further reheating to study the development of surface structure as a function of time on the same sample.

To prevent Fe oxidation in the San Carlos olivine, these samples were annealed in a conventional vertical high-temperature furnace (Gero GmbH, Germany), which was equipped with gas mixing facilities. We used a 1:1 CO/CO~2~ gas mixture in all experiments with the exception of the oxidation test experiment where a ratio of 1:9 CO/CO~2~ gas was used. The furnace was sealed and air was purged using a continuous flow of pure CO~2~ while the furnace was heated to 900 °C (typically taking up to an hour to stabilize). After the oven had stabilized in temperature at 900 °C, the gas mix was adjusted to the required ratio and left for a further 30 min to ensure that the atmosphere in the furnace had equilibrated. At this point, the sample cube was inserted by suspending it within a loose basket of Pt wire from a drop-quench sample holder of the type described in ref ([@ref27]). For the 1200 °C experiments, the furnace was heated from 900 °C after the crystal had been placed inside, taking approximately 100 min to reach the required temperature. The crystals were quenched by dropping them into an air-cooled metal trap directly below the furnace that was expected to have a similar gas atmosphere. Samples were extracted at longer intervals (after 60 min, 240 min, and overnight) than the muffle oven experiments to minimize exchange of the internal gas with the atmosphere during sample placement and extraction. As for the muffle oven experiments, the crystals were left to cool in the trap for approximately 2 min before being removed and immediately imaged with the AFM. Within the 30 min required to scan the surface, the textures remained consistent indicating that there was minimal further reaction of the surface within this time. After scanning, the same crystal was immediately placed back into the furnace for the next stage of the experiment.

Atomic Force Microscopy {#sec100}
-----------------------

Nanoscale imaging of the surface before and after annealing was conducted using a Nanoscope III Multimode AFM (Digital Instruments, Bruker) functioning in contact mode. AFM images of 10 randomly selected areas were collected with a scanning frequency of 3 Hz using Si~3~N~4~ tips (Bruker, tip model NP-S20) with spring constants of 0.12 and 0.58 N/m. Deflection and height images of 5 × 5 and 10 × 10 μm areas of the surfaces were collected and analyzed using the NanoScope software (Version 5.31r1). Surface roughness measurements/calculations of the AFM images were performed using the inbuilt functions of the Nanoscope software. *R*~q~, the standard deviation of height (*Z*) within an allotted 1 × 1 μm area, was calculated usingwhere *Z*~i~ is the height of each individual point and *N* is the number of points within the specified area for each of the 20 images taken from each surface. By using a 1 × 1 μm area we avoided any changes in the density of the original polishing scratches in our calculations and additional particles that were sometimes found on the surfaces. These roughness values were then averaged and the standard deviation (1σ) calculated for the variation across the surface.

Raman Spectroscopy {#sec2.2}
------------------

After annealing the 532 nm line of a 14 mW Nd:YAG laser in a high resolution Jobin Yvon Xplora Raman microscope was used to examine the sample surface. To limit the penetration of the laser beam into the sample, but maintain a large enough peak intensity above the background noise, a hole size of 300 μm was used. Drift of the Raman microscope during the measurement session was corrected using the first order Raman band of a silicon wafer, which is present at 520.7 cm^--1^. After being scattered by the sample, the Raman light was collected in a 180° backscattering geometry, passed through a 100 μm entrance slit, and dispersed by a grating of 1800 grooves/mm before reaching the charge-coupled device detector.

Electron Backscatter Diffraction {#sec2.3}
--------------------------------

Electron backscattered diffraction (EBSD) patterns were taken before and after annealing in order to examine crystalline continuity across the surface. EBSD patterns arise from cones of backscattered electrons that obey Bragg's law and are emitted from a tilted sample surface. EBSD is a surface sensitive technique that is used to examine orientation of samples with long-range order, thus crystalline minerals.^[@ref28]^ The EBSD analysis was carried out in a JEOL JSM-6610LV scanning electron microscope (SEM), operating at 15 nA and 20 kV. The SEM is equipped with a secondary electron detector and electron backscatter detector as well as energy dispersive X-ray (EDX) detector for elemental analysis. EBSD analyses were conducted using a single crystal mounted on a 70° tilted stage at a working distance of 15 mm. EBSD patterns were collected on a phosphor screen and indexed using the CHANNEL 5 software by HKL Technology.

Results and Discussion {#sec3}
======================

Experiments with Synthetic Forsterite (Mg~2~SiO~4~) {#sec3.1}
---------------------------------------------------

AFM nanoscale analysis of the sample surfaces after annealing at increased temperature (900 and 1200 °C) demonstrated two important features. First, during the course of experiments at both temperatures discrete particles were observed to have formed along large scratches (0.9 μm width and ∼10 nm deep). These particles grew in size from an average of 90 nm diameter after 5 min in the oven to 140 nm after 1500 min, corresponding with a decrease in the overall number of particles from an average of 200 to 20 within each 100 μm^2^ scanned area. On the submicron AFM scale, the particles could be seen aligning and filling scratches, often producing features that were higher than the rest of the surface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). SEM imaging during EBSD analysis showed that the larger particles had well-defined crystal faces implying that the phase formed was possibly crystalline. Raman analysis of the particles produced no Raman peaks above the background, however, EDX analysis showed a large Pt peak associated with the particles. Therefore, these particles were omitted from further image analysis and only sections of the images where these particles were not detected were examined for surface roughness. SEM-EDX analysis of the areas between the particles showed no evidence for Pt contamination and the EBSD patterns between the Pt particles were consistent with forsterite. Mobility of Pt at these temperatures is expected from transport of Pt through the gas phase as oxidized species,^[@ref29]^ before decomposing back to Pt metal at the sample surface.^[@ref30]^

![(a) AFM height image of the synthetic forsterite surface at 1200 °C showing the formation of Pt particles (white arrows) along scratches. Height of the Pt particles is ∼15 nm. (b) AFM deflection image of triangular particles formed on a San Carlos olivine surface during a mixed gas experiment with a new alumina sample holder. (c) AFM deflection image of surface features produced during heating within a gas mixture of 10:90 CO/CO~2~ on olivine at 900 °C. Scale bar in all images: 2 μm.](sp-2016-00016r_0001){#fig1}

Second, the forsterite surface itself demonstrated a temperature-dependent change in surface topography during the course of the experiment ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Initial polishing scratches became increasingly less distinguishable during the course of the experiment at 900 °C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The surface between the scratches shows a slight change in topography, which is also visible in the plot of *R*~q~ with time ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Changes in roughness increase slowly over the first 50 min on the synthetic forsterite surface at 900 °C before establishing a consistent roughness across the surface. The stability of *R*~q~ within the standard deviation over the course of many measurements indicates that the surface had reached a steady-state configuration. The height of the surface undulations only reaches a few nanometers above the initial surface height, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (compare a and b) by the end of the experiment. In contrast, experiments at 1200 °C show a sharp increase in the measured roughness within the first 10 min of annealing from 0.7 nm before the experiment to 2.8 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Comparison with the initial surface features indicates that the scratches do not change in depth with time, remaining approximately 10 nm deep. However, the rest of the surface between the scratches developed an undulating structure that is aligned across the area of the surface images (5 or 10 μm), regardless of initial scratch orientation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). This roughness slowly coarsens with time, evident as a gradual decrease in *R*~q~ from 2.8 after 10 min to 1.2 nm at the end of the experiment (1000 min at 1200 °C), where the roughness is again uniformly distributed across the surface.

![AFM deflection images and 3D plots of forsterite (Mg~2~SiO~4~) surface topography, where the before image (a) shows the presence of some scratches formed during the polishing procedure. (b) Surface annealed for 5000 min at 900 °C. (c) After 2 h of annealing at 1200 °C, the surface has clearly become rougher with some larger islands. Pt particles can be observed on the surface with a height larger than 40 nm, however, to keep the *z* color scale consistent between the images they are shown only up to a height of 40 nm. Scale bar in AFM deflection images: 2 μm.](sp-2016-00016r_0002){#fig2}

![Change in surface roughness with time caused by annealing quartz, forsterite, and San Carlos olivine at 900 or 1200 °C: Quartz (red circles) at 900 °C, synthetic forsterite at 900 °C (blue triangles) and 1200 °C (downward pointing green triangles), San Carlos olivine at 900 °C (open diamonds) and 1200 °C (black squares). Error bars show the 1σ standard deviation of roughness measurements taken from 20 randomly chosen areas of the surface.](sp-2016-00016r_0003){#fig3}

Experiments with San Carlos olivine (Mg~0.8~Fe~0.2~SiO~4~) {#sec3.2}
----------------------------------------------------------

Experiments with San Carlos olivine were conducted using a 1:1 CO/CO~2~ gas mix to ensure that oxidation did not play a role in changes to surface features. In one set of experiments with a sintered alumina rod that had not previously been used, a new layer of material was observed to form on the olivine surface at both 900 and 1200 °C. During these experiments triangular particles nucleated on the surface within the first 10 min of the experiment and continued to grow throughout the experiment until they had completely covered the reacting surface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). These particles had an average length of 0.7 μm and a height of ∼5 nm. Analysis with Raman spectroscopy produced no measurable Raman peaks and EBSD analysis showed no clear Kikuchi lines indicating that the new phase is Raman inactive and completely obscures the underlying mineral surface. EDX elemental analysis and considerations of the experimental set up, that is, use of a new alumina rod, indicate that the newly formed phase is alumina. Therefore, only data obtained using aged alumina rods have been used for data reduction for these experiments. In these experiments, there was no evidence for the formation of the triangular alumina phase.

The most significant rearrangement of the sample crystal surface at high temperature was observed with the San Carlos olivine. As can be seen from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the original polished surfaces of San Carlos olivine typically had a higher initial surface roughness (synthetic forsterite, 0.81 nm ± 0.3; San Carlos olivine, 1.49 nm ± 0.4). However, exposure of the surface to 900 °C temperatures produced very similar undulating surface features to those observed with synthetic forsterite at 1200 °C (compare [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c and [4](#fig4){ref-type="fig"}b) but were larger in overall height, producing a large *R*~q~ value ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). For the San Carlos olivine, these features were observed after 135 min of annealing, unlike synthetic forsterite where they were observed within the first 10 min of exposure to 1200 °C. As in the two synthetic forsterite experiments, the measured roughness of San Carlos olivine at 900 °C initially increased before coarsening, producing a decline in the measured roughness parameter (*R*~q~) by the end of the experiment as seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. As for the 900 °C experiments with synthetic olivine, the roughness remained constant within the standard deviation over the last two measurements ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) indicating that the system had reached a steady-state configuration. Experiments with San Carlos olivine at 1200 °C showed the most extensive surface reconstruction where large undulations between 9 and 38 nm height were observed on the surface after 1300 min annealing ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The undulations were up to 4 μm long and eradicated any shallow surface scratches that were present before annealing. In some cases, the undulations even bridged deeper polishing scratches (black star in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The extent of undulation formation, that is, height and density, varied across the surface, producing the large standard deviation (1.9 nm) in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for these samples. However, the undulations were consistently aligned across the extent of the surface regardless of their density or size. The initial production of undulations could be observed within 60 min. Unlike previous experiments, the *R*~q~ value showed an increase with time between the different measurements during the duration of the experiment, implying that the system may not have reached steady state across the entire surface. However, the undulating surface features correspond to those predicted by Herring^[@ref31]^ based on the free energies of crystal surfaces produced during annealing indicating that this structure is representative of equilibrated surfaces at high temperatures. EBSD analysis of the surface after the experiments showed sharp Kikuchi lines of olivine in the same orientation as the underlying crystal for the undulations indicating that they are also composed of olivine ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

![Three-dimensional plots of San Carlos olivine (Mg~1.8~Fe~0.2~SiO~4~) surface topography. Scratches are present on the surfaces before annealing (a) along with some areas of slightly higher topography. (a) A typical example of an original surface from the 1200 °C experiment; different crystals were used for the experiments at the two different temperatures. These areas of higher topography are aligned with the polishing scratches. (b) After annealing at 900 °C for 1750 min, the surface has a clear increase in roughness with the formation of small islands. Some scratches are still present on the surface, however the roughness islands now have an orientation unrelated to the scratch orientations. (c) When San Carlos is annealed at 1200 °C for 1300 min, orientated undulations are visible on the surface reaching up to 40 nm in height. Evidence of original scratches is minimal. Scale bar in AFM deflection images is 2 μm.](sp-2016-00016r_0004){#fig4}

![Three-dimensional plot of surface topography from a surface annealed at 1200 °C for 1300 min. The darker area running across the center of the plot is a previous scratch on the surface.](sp-2016-00016r_0005){#fig5}

![Electron backscattered diffraction patterns taken from the surface of the San Carlos olivine sample before the experiment (a) and after experiment at 1200 °C (b) where the large undulations could be observed using the atomic force microscope. The pattern indicates that the undulations are still olivine and have the same orientation as the original olivine material.](sp-2016-00016r_0006){#fig6}

Experiments with San Carlos Olivine (Mg~0.8~Fe~0.2~SiO~4~): Oxidation Test {#sec3.3}
--------------------------------------------------------------------------

A San Carlos olivine crystal annealed at 900 °C under a gas mix of 1:9 CO/CO~2~ (*f*O~2~ = 10^--12.8^ bars) showed evidence of surface oxidation by a change in color from light green to brown, despite still being in the olivine stability field (e.g., Nakamura and Schmalzried^[@ref32]^). AFM observations of the mineral surface showed that it was covered in a new layer of material after 10 min in the oven. After oxidation, the surface consisted of large mounds all aligned with an elongated axis in the same direction across the surface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). The mounds had a rough, textured surface and varied in size between 250 and 500 nm length with a height of up to 20 nm. In the EBSD analysis, no Kikuchi lines were observed indicating that the material was probably not olivine and was either amorphous or too rough for EBSD analysis. Absence of oxidation during the experiments under a 1:1 CO/CO~2~ gas mix is thus expected due to the lack of color change after the experiments. The AFM observations also showed that the oxidation related surface topography was not observed during the more reducing experiments.

Quartz Experiment {#sec3.4}
-----------------

The quartz experiments were difficult to conduct because the crystals had a tendency to crack during the first few minutes of the experiment as the crystal was heated across the α- to β-quartz phase transition. Typically the crystals broke so that they could no longer be easily analyzed using AFM. However, one experiment conducted at 900 °C produced a useable crystal that could be imaged. Nanometer observations of the sample surface indicated that discrete Pt particles, similar to those observed during the synthetic forsterite experiments, were detected. Therefore, these were avoided during the surface roughness analysis. Similar to the trend observed with the olivine crystals, an initial increase in the roughness was observed on the quartz surface during the first few minutes of the experiment ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). This roughness stabilized and coarsened during the following ∼50 min until it had established a constant topography for the remainder of the experiment. Thus, it is expected that the surface had reached a steady-state structure that showed almost no change in surface topography compared to the initial surface. Unlike the synthetic forsterite, the quartz surface showed a much more limited change in the surface structure producing none of the undulations observed on forsterite or olivine, as is reflected in the very small *R*~q~ value measured at all time points on this surface. The surface topography was consistent across the surface and showed no undulations, reflected in the standard deviation of the R~q~ parameter, represented in the graph as error bars that are mostly smaller than the symbol for the quartz sample.

Testing for Increased Reactivity to Gases {#sec3.5}
-----------------------------------------

A simple test for increased reactivity was conducted by leaving the annealed crystals exposed to air for 24 h after the experiment and then examining the surface using the AFM. All of the reacted olivine crystals demonstrated that they had begun to react with atmospheric gases as a layer formed on the surfaces that could be moved by the AFM tip. The exception to this was the highly reconstructed San Carlos olivine surface produced during experiments at 1200 °C. This surface showed reaction mainly on the tips of the undulations, where a similar smearing of the AFM image was observed as the tip moved a newly reacted layer. This texture was not observed on the polished surfaces before the experiments despite being left to react with the atmosphere for a number of days.

Intrinsic Material Property versus Contamination {#sec3.6}
------------------------------------------------

Contaminants produced on the surface during the course of the experiments, such as the deposition of Pt or alumina, were clearly distinguishable from the underlying surface feature changes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). However, polishing a crystal is also known to change the surface reactivity^[@ref33]^ through the formation of defects,^[@ref34]^ thus the effect of polishing should be considered when examining the structures produced during the experiments. Shallow scratches were present on the mineral surface after fine polishing with colloidal silica, as observed in the AFM measurements (for example, [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [4](#fig4){ref-type="fig"}a) and may have provided possible sites for evaporation and reconstruction during the high-temperature experiments. However, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c shows that the majority of the reconstruction on the surface is formed between the scratches (observable as linear features in the plot that have a dark blue color). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} further demonstrates that the prominent ridges produced at 1200 °C developed an orientation unrelated to a polishing scratch and in some cases even formed across a deep scratch in the surface (black star in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). This evidence shows that the formation of these orientated surface reconstructions is an intrinsic property of the surface rather than related to the formation of scratches at the same surface. Similarly the observation of Kikuchi lines both before and after the experiments indicates that the undulations consist of the same composition as the underlying olivine as EBSD is a surface sensitive technique that should only analyze within the width of the electron beam that has penetrated a limited distance (on the order of a few nanometers) into the surface^[@ref35],[@ref36]^ whereas the surface reconstruction can reach up to 40 nm in height ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [5](#fig5){ref-type="fig"}). This also suggests that the highly deformed region reported previously in transmission electron microscopy studies^[@ref34]^ up to 100 nm into the sample surface is not present in our samples. In addition, no major changes in the quartz surface prepared using the same method was observed. Presolar dust grains have been shown to contain many dislocations^[@ref37]^ and thus the polished surfaces are a good comparison for processes occurring at highly reactive mineral surfaces found in the solar nebula.

Formation Mechanisms of Surface Undulations {#sec3.7}
-------------------------------------------

Polished San Carlos olivine was more reactive than its Mg-pure forsterite counterpart, showing a much greater degree of surface rearrangement both in the 900 and 1200 °C experiments ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). Thus, the more complex chemistry associated with San Carlos olivine is confirmed to have a large effect on its surface reactivity. This is consistent with known changes in surface reactivity associated with dopants and chemical variations during grain boundary formation in mineral and metal systems.^[@ref38]^ Similar undulating and mound features to those observed at 1200 °C on the San Carlos olivine have been documented at the surfaces of various materials in the thin film literature.^[@ref39],[@ref40]^ Their formation is attributed to mass diffusion during annealing,^[@ref41]^ hence, the ordered surface structure observed on the olivine surfaces will be controlled by the ability of atoms to diffuse across the surface at different temperatures and is an effect that would be expected on many different mineral surfaces. The underlying mineral structure clearly acts as a template for the growth of the mound structures as the surface retained the same Kikuchi lines ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) and thus the underlying crystalline orientation. This means that the mineral surface is expected to be a highly dynamic and complex system during high-temperature heating events where atoms can readily diffuse across the surface to grow as islands of new crystalline material.

Surface Reactivity and Gas Adsorption {#sec3.8}
-------------------------------------

The formation of the undulation texture increases the surface area available for gas adsorption as well as providing fresh, chemically active surfaces. Using the AFM height images and analysis software, topography measurements were conducted on samples using values stored on a regular grid. A global triangulation of these points was carried out using a MATLAB code and the area of each triangle was measured as the Euclidean norm of the cross product of the vectors constituting the triangle. All areas were then summed to arrive at a total surface area. The results of the calculations for the two San Carlos experiments, which showed the most significant surface changes and are most compositionally relevant for nebula processes, show that a 10 × 10 μm surface was increased by 10^5^ nm^2^ during San Carlos olivine surface reconstruction experiments at 1200 °C compared to the original polished surfaces, giving an increase of just 0.1%.

To estimate how this change in surface area may affect the ability of the surface to adsorb gas particles, we have used a Langmuir isotherm to calculate a monolayer of gas coverage. For simplicity, we calculated the weight of gas adsorbed as a complete monolayer for an area 10 × 10 μm (the area imaged by the AFM) with the different surface areas calculated from real surface roughness by rearranging the equation used to determine surface area from Langmuir isotherms

towhere S~1~ is the sample surface area, *W*~m~ is the weight of gas adsorbed in a complete monolayer, *N̅* is Avogadro's number, and *A*~*x*~ and *M̅* are the cross-sectional area on the surface and weight of a water molecule, 10.8 Å^2^ and 18.015 g/mol, respectively.^[@ref42]^ The samples with higher surface area show a similar change in the number of adsorption sites, increasing by 0.1% (10^8^ sites) in our example area. Therefore, the number of adsorption sites is not expected to significantly increase through surface rearrangement. However, rounded structures at the atomic scale are modeled using multiple steps terminated along different planes within the structure, for example, in metal systems.^[@ref43]^ Thus, the formation of undulations at the mineral surface will produce defective and therefore highly reactive sites that would be readily available for gas adsorption. Considerations of crystal surface free energies predicts that these hill--valley structures will be formed during annealing of crystalline material where the surfaces present are different from the faces found on the predicted equilibrium crystal.^[@ref31]^ Therefore, such surface features would be expected to form at the surfaces of crystalline materials, such as olivine, present in the nebula if high enough temperatures are reached that remain below their melting temperature.

Conclusions {#sec4}
===========

Adsorption onto mineral surfaces enables a variety of processes occurring in the solar nebula.^[@ref44]^ Our experiments show that surfaces of mineral grains are highly dynamic environments at high temperatures, promoting transport and redistribution of elements within a short time frame. Even large mineral dust grains with an extensive underlying crystalline structure can undergo significant surface rearrangement when exposed to short bursts of high temperature below their evaporation and melting temperatures. The similarity in surface structures observed both at the highest temperature (1200 °C) with forsterite and the annealed San Carlos olivine indicates that the surfaces evolve toward an undulating surface structure, predicted by crystal surface free energies^[@ref31]^ with the final structure reached at steady state being dependent on the system temperature and the reactivity of the material. Surfaces of mineral dust grains are therefore expected to react to high energy bursts of radiation in the solar nebulae and hence retain defective and high energy sites that have been shown to be critical for volatile adsorption.^[@ref7]^

The results of our study also demonstrate that surface reconstruction would be expected to be a common feature during other high-temperature experiments, for example, diffusivity experiments for magmatic processes related to olivine that typically have a temperature range of 800--1500 °C.^[@ref45]−[@ref47]^ Surface reconstruction will provide fast routes for the incorporation of new species that are not dependent on bulk crystal properties. This may help to explain the discrepancies observed between short diffusion profiles measured with Rutherford backscattering spectrometry and longer profiles obtained using laser-ablation inductively coupled plasma mass spectrometry, an ongoing debate in the diffusivity community.^[@ref48]^ EBSD cannot be used as a tool to identify whether surface reconstruction has occurred, as it will produce the same EBSD pattern as the original material. Only with careful examination across a surface using AFM, as soon as the crystal is removed from the oven, can the surface features be distinguished and analyzed. Other species are also mobile at these high temperatures, including alumina, that can readily be deposited on the surface of exposed crystals within an oven.
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